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The export of dense water from the Atlantic and into the Indo-Pacific oceans, and heat transport in the opposite direction, is traditionally attributed to the fact that dense water forms in the Atlantic but not the Pacific. Evidence from two models, presented here, suggests this is an incomplete explanation.
It is found that dense water export from the Atlantic depends on a potential energy (PE) sink, associated with dense water downwelling in the Atlantic, that is not balanced by a PE source within the Atlantic. Therefore, increasing the Atlantic PE source reduces dense Atlantic water export. Tide models suggest that the Atlantic PE source may have been much higher at the last glacial maximum. This could have significantly reduced dense water export from the Atlantic Ocean, even if Atlantic overturning was stronger than it is today.
Introduction
A major feature of global ocean circulation is the asymmetry in overturning between the Atlantic and Indo-Pacific oceans. There is net export of dense water from the Atlantic Ocean and an import of dense water into the Indo-Pacific. Whereas the principal upwelling region for exported Atlantic water is the Antarctic Circumpolar Current (ACC), and the Southern Ocean is also the major source region for deep water in the Indo-Pacific, the sum of these cells is a net transport of dense water from the Atlantic to the Indo-Pacific basins, associated with ocean heat transport in the opposite direction and equatorward heat transport in the South Atlantic (Ganachaud and Wunsch, 2000) . This circulation is attributed to the fact that dense water forms in the Atlantic but not the Pacific (Broecker, 1987) . In this study, we present evidence that this interpretation is incomplete.
The global meridional overturning circulation (MOC) consumes gravitational potential energy (PE) by the downwelling of dense water at high latitudes and upwelling of lighter water elsewhere. A prevailing paradigm is that the rate at which this PE is replenished controls the strength of the global MOC at equilibrium, although the identity of the key PE sources remains controversial (Munk and Wunsch, 1998; Webb and Suginohara, 2001; Tailleux, 2008) . PE generation is equivalent to the downwelling of buoyancy, either by diapycnal mixing or by wind-driven upwelling of dense water (and associated downwelling of light water), and therefore PE sources are essential to set up vertical shear in horizontal pressure gradients which drive the thermohaline (THC) component of the MOC (Oliver et al., 2005) . Since theory predicts that the basin-scale flow in the THC is down pressure gradients (Bryan, 1987) 
where
z is the inverse of vertical density stratification (and may be discretised as h/δρ where h is layer thickness and δρ is the vertical resolution), v is meridional velocity, and κ A and κ v are isopycnal and diapycnal diffusivities respectively. The t, I and ρ 1991; Mohammad and Nilsson, 2006) :
where v p is the pressure gradient-driven flow, p y is the meridional pressure gradient, ρ 0 is the reference density, and γ is an input coefficient which implicitly relates meridional gradients to zonal gradients. An exception to (2) at depths greater than 2000 m (c.f. Danabasoglu and Marshall, 2007) . The remaining governing equations are hydrostatic equilibrium and continuity: p z = −gρ and v y + w z = 0, respectively, where w is vertical velocity and subscripts denote differentiation. There is no flow through horizontal or vertical boundaries. Surface densities are held fixed at zonally averaged climatological winter densities (Levitus and Boyer, 1994) . Zonally and annually averaged surface wind stresses (Josey et al., 1998 ) are also applied.
The local PE source due to diapycnal mixing,
0 , is set temporally constant, resulting in a stratification-dependent diapycnal diffusivity:
where ρ z 0 is the fit of an exponential function to a global mean vertical density gradient profile (Levitus and Boyer, 1994) ,
, where z l = 650 m. To derive κ c , we use here κ 0 = 0.1 cm 2 s −1 , z dp = −2500 m, z sc = 800 m, and κ dp = 1 cm in a three times greater PE source in the Indo-Pacific than in the Atlantic. In "High
Atlantic PE" experiments, κ dp is increased to 5 cm 2 s −1 in the North Atlantic, which increases the PE source in the Atlantic to approximately equal that in the Indo-Pacific.
The increased PE source in the Atlantic is weighted towards the deep North Atlantic in this way because tide model studies suggest that tidal energy dissipation in the deep North Atlantic is particularly sensitive to changes in sea level (Thomas and Sündermann, 1999; Egbert et al., 2004) . A further cause of asymmetry in the model is removed in "Dense Pacific" experiments by replacing the Indo-Pacific surface density field with the equivalent field from the Atlantic Ocean. We thus determine the relative importance of the asymmetry in dense water formation and the asymmetry in PE sources, in controlling the net dense outflow from the Atlantic to the Indo-Pacific oceans. the mean of the export of water with σ 0 ≥ 27.61 from the Atlantic and the import of water of this density class to the Indo-Pacific, yielding ψ A→P = 11 Sv.
Control Experiment
Global overturning is an adiabatic net PE sink, due to the downwelling of dense water and upwelling of lighter water. This is the sum of pressure gradient-driven, wind-driven, and isopycnal mixing terms. Integrated globally, wind provides a PE source of 1.7 TW and isopycnal mixing is a PE sink of 1.7 TW in the control simulation, both dominated by the ACC and the region immediately to its north. Pressure gradient-driven flow is a PE sink of 1.4 TW, yielding a total adiabatic PE sink of 1.4 TW, balanced at equilibrium by the diabatic PE source due to diapycnal mixing. The overturning circulation may be understood in terms of the distribution of these PE sources and sinks. The 0.8 TW provided by Indo-Pacific diapycnal mixing is three times greater than the Atlantic PE source, owing to the basins' relative sizes. However, the vigourous Atlantic overturning cell consumes seven times more energy (0.7 TW) than Pacific overturning, owing to the greater density of North Atlantic waters. As a result, Atlantic overturning consumes PE that is generated outside the Atlantic Ocean. This is only possible if the Atlantic cell is not confined within the Atlantic, since the PE budget must balance locally at steady state. Therefore, there is dense water export from the Atlantic Ocean. Similarly, PE generation in the Indo-Pacific basin helps to sustain Antarctic and Atlantic overturning because it exceeds the PE consumption in Pacific overturning.
The ocean adjusts to this equilibrium between PE sources and sinks by the mechanism of pressure gradient-driven flow. The PE source in the Indo-Pacific equates to a downwelling of buoyancy. Lighter deep waters in the Indo-Pacific than the Atlantic Ocean (Fig 1a) D of isopycnals also reverses the sign of meridional pressure gradients in much of the South Atlantic Ocean, so that the Antarctic cell expands at the expense of the Atlantic cell, and much of the additional PE source is consumed in the Antarctic cell rather than the Atlantic cell. PE consumption in the Atlantic cell increases by 0.2 TW, compared with a 0.5 TW increase in the Atlantic PE source. Therefore, there is sufficient PE generation within the Atlantic Ocean to sustain Atlantic overturning, although some of this energy is used to sustain a −6 Sv Antarctic cell within the Atlantic. The result of this is that the net export from the Atlantic to the Pacific, ψ A→P , decreases to 6 Sv. A "High Atlantic PE + Dense Pacific" experiment is presented in Fig 1d . We obtain the maxima in overturning: ψ P = 32 Sv, ψ A = 29 Sv and ψ S = −28 Sv. The asymmetry in overturning between the Atlantic and the Indo-Pacific is almost removed (ψ A→P = −0.3 Sv).
Finally, the total Atlantic diabatic PE source was varied between 0.1 and 1.1 TW in a series of experiments by varying κ dp between 0 and 8 cm 2 s −1 in the North Atlantic only. Atlantic overturning strength increases by 25 Sv across this parameter range (Fig   2a) as the PE source increases, but ψ A→P decreases from 12 to 4 Sv in experiments with surface density fields identical to the control experiment, and from 7 Sv to −4 Sv in "Dense Pacific" experiments (Fig 2b) . We also consider the effect of these changes on global overturning, which we define as ψ A + ψ P − ψ S . In both sets of experiments, the dependence of global overturning on the global mean diffusivity closely follows the 2 3 power law from MOC theory (Bryan, 1987) despite the complication of wind-driven circulation (Fig 2c) ; the relationship between overturning and the global PE source also follows this power law, though less precisely (Fig 2d) . However, we obtain stronger global overturning,
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given the same global PE source, in the "Dense Pacific" experiments as opposed to the "Levitus surface density" experiments.
Experiments with a three-dimensional coupled climate model
To this point we have assumed a linear relationship between meridional pressure gradients and meridional flow, and neglected climate feedbacks by imposing a fixed surface density field. It is therefore useful to test whether our findings are robust to the application of 3D dynamics, complex topography, and to atmospheric and cryospheric feedbacks.
Therefore, the control and "High Atlantic PE" experiments were repeated in the coupled model of Edwards and Marsh [2005] , implemented in the GENIE framework ("Dense
Pacific" experiments were not repeated because surface densities are free to vary in the coupled model). The ocean is z-coordinate, frictional-geostrophic, has 36×36 surface grid points, and is coupled to an atmospheric energy and moisture balance model and a dynamic sea-ice module. We use the parameters of GENIE-1 defined by Hargreaves et al.
[2004], except that uniform diffusivity is replaced by the relationship defined in (3) and the number of vertical levels is doubled to 16.
Fig 2 shows the relationship between PE sources and overturning as κ dp in the North Atlantic basin is increased from 0 to 10 cm 2 s −1 . The dependence of global overturning on the global diabatic PE source is slightly stronger than that given by a 2 3 power law.
There is no clear relationship between mean diffusivity and global overturning (Fig 2c) because of very high diffusivities in a small number of weakly stratified cells. If these grid-points are downweighted by taking logs before averaging, the relationship is similar to that obtained in the 2D model (Fig 2e) . by the additional PE supply in North Atlantic basin is only 8 Sv across the domain of κ dp (Fig 2a) . Nevertheless, the decrease in net export of dense water from the Atlantic to the Indo-Pacific basin is similar to that obtained in the 2D model (Fig 2b) , providing further support to the hypothesis that an important driver of dense water export from the Atlantic to the Indo-Pacific is the asymmetry in the magnitude of the PE sources. Density and overturning streamfunction sections for the control simulation (κ dp = 1 cm 2 s −1 ) and a high Atlantic PE simulation (κ dp = 5 cm 2 s −1 in the North Atlantic) are included as auxiliary materials.
Discussion
We have found that the strength of dense water export from the Atlantic depends both on the relative strength of overturning in the Atlantic and the Pacific, and on the distribution of PE sources in the ocean. Thus, in a 2D model, a substantial (albeit reduced) dense water export from the Atlantic is maintained even if the Pacific overturning transport is increased from near zero to more than double the Atlantic overturning transport.
Moreover, in both a 2D ocean model and a 3D climate model, the net export of dense water from the Atlantic to the Indo-Pacific oceans is sensitive to the distribution of PE sources. Atlantic dense water export may be reduced by increasing the PE source in the Atlantic, despite a resulting increase in Atlantic overturning.
Today, the Indo-Pacific oceans probably provide a much greater diabatic PE source than the Atlantic due to their greater size. At the last glacial maximum (LGM), however, tide model evidence suggests tidal energy dissipation rates below 1000 m in the North Atlantic
Ocean that were an order of magnitude greater than in the present day (Egbert et al., 2004 ; 
